A fluorescence quenching assay based on a ligase detection reaction was developed for facile and rapid detection of point mutations present in a mixed population of non-variant DNA. If the test DNA carried a targeted mutation, then the two allele-specific primers were ligated to form a molecular beacon resulting in the expected fluorescence quenching signatures. Using this method, we successfully detected as low as 5% mutant DNA in a mixture of wild-type DNA (t test at 99% confidence level).
Introduction
Detecting point mutations is effective for diagnosis of various types of cancers such as lung, 1 breast, 2 pancreatic, 3 and colorectal. 4 The ligase detection reaction (LDR) is a useful technique that allows for discriminative detection of rare mutations present within a sample containing primarily wildtype DNA. 5 In the LDR assay, a successful ligation between two LDR primer ends (a discriminating primer and a common primer) occurs in the presence of DNA ligase only if these primers are perfectly complementary to the targeted DNA, especially at the 3′-end of the discriminating primer. Selective detection of the LDR products (i.e., the ligated fragments) to determine the presence of a mutation has conventionally been performed by either electrophoretic sorting [5] [6] [7] [8] [9] or DNA-DNA hybridization. [10] [11] [12] [13] [14] However, the procedures involved in these techniques are generally labor-intensive and time-consuming.
Förster resonance energy transfer (FRET) 15 is the non-radiative energy transfer from a light-sensitive donor to an acceptor molecule through dipole-dipole interactions over a short distance (ca. 1 -10 nm). 16 FRET-based DNA probes such as TaqMan probes, 17 molecular beacons, [18] [19] [20] and adjacent hybridization probes 21 can directly signal the presence of target DNA without the involvement of any separation step. Therefore, use of a FRET-based probe in diagnostic assays allows facile experimental operations, as well as reduction in overall assay time and costs for reagents and equipment.
Herein, we describe a fluorescence quenching assay exploited for the discriminative detection of point mutations within a mixed population of non-variant DNA. The assay strategy for detecting the target mutant sequences is shown in Fig. 1 . In this assay, the ligation is performed in a tube using an allele-specific discriminating primer labeled with a fluorophore (Cy5) at its 5′-end and a common primer labeled with a nonfluorescent dark quencher (IBRQ) at its 3′-end, with polymerase chain reaction (PCR) amplicons, which are derived either from a wild-type or mutated genomic DNA template. The two LDR primers flank the mutation of interest within the amplicon's sequence. The discriminating primer contains a nucleotide at the 3′-end that corresponds with the single-base mutation site. If there is a mismatch (e.g., C/T mismatch, as represented in the outcome on the left in Fig. 1 ), the two primers will not be ligated and the fluorescence signature will remain intact. However, a complete match (e.g., A/T match as represented in the outcome on the right in Fig. 1 ) results in successful joining of the two primer ends, and the formation of a ligation product (i.e., LDR product). Upon formation of the LDR product, it undergoes a conformational change to form a hairpin-like molecular beacon (MB), leading to fluorescence quenching of the fluorophore because the hairpin stem keeps the fluorophore close to the quencher. This fluorescence quenching signals the presence of the target mutation.
With the above strategy, our LDR-based fluorescence quenching assay can be used to examine the presence of mutations in the presence of wild-type alleles. Additionally, the assay presented here can be performed rapidly with a facile operational protocol because neither product isolation nor sample treatment is involved in the post-LDR processing steps.
Experimental

PCR amplification of genomic DNA
A total of 50 -200 ng of genomic DNA was extracted from cultured human cell lines of a known K-ras genotype associated with the onset of colorectal cancer (SW620 for mutant G12V and HT29 for wild-type G12; ATCC, Manassas, VA). The nomenclature of the mutation (G12V) denotes a DNA base substitution (G → T) within codon 12 (wild-type: GGT) of the K-ras gene, which alters the amino acid at this position from glycine (G) to valine (V). PCR amplifications were conducted to generate 290-bp amplicons using the extracted genomic DNA. See Supporting Information (Sect. 1) for details of the PCR protocol.
LDR assays LDR assays were carried out under similar conditions to those described elsewhere, 22 with slight modifications. A mixture of the PCR amplicons (wild-type and mutant DNA) was used as template DNA for the LDR, together with a discriminating primer, a common primer, and a thermostable DNA ligase. The sequences of the discriminating primer and common primer were 5′-Cy5-CGCTGCGGCCTGTGGTAGTTGGAGCTGT-3′ and 5′-TGGCGTAGGCAAGAGTGGCCGCAGCG-IBRQ-3′, respectively.
The 5′-end of the common primer was phosphorylated for subsequent ligation. These primers are expected to form a 54-mer LDR product. See Supporting Information (Sect. 2) for more details of the LDR protocol. A post-LDR solution was injected into a microcuvette for measuring the fluorescence readout using a spectrofluorometer (FP-6500, Jasco, Tokyo, Japan).
Results and Discussion
Design of LDR primer sequences
A MB is a hairpin-shaped DNA strand with a stem formed by complementary bases within the strand. In our approach, fluorescence quenching relies on energy transfer from the fluorophore to the quencher molecule as they are expected to be in close proximity to each other after the stem forms upon the generation of the LDR product. The MB formation can be achieved by employing suitable LDR primer sequences (especially for a stem region sequence with high GC content 18 ). Additionally, the concentration of the solution as well as the primers, and the ionic strength and temperature of the reaction mixture play important roles in governing the formation of the MB. The melting temperature (Tm) of the stem was predicted by DNA folding software (UNAfold, http://unafold.rna.albany.edu/), which computes the free energy of formation of the stem to predict the Tm. Figure 2A shows the computed secondary structure of the 54-mer MB folded at 25 C, 100 mM Na + , and 10 mM Mg 2+ . Although a structure with multiple loops was predicted, the Tm of the 10-bp stem was determined to be sufficiently high (72.3 C), indicating the high thermodynamic stability of the 10-bp stem.
Assay fidelity
To briefly test whether the expected fluorescence quenching was obtained with the designed LDR primers in the presence of matched templates, we first used two synthetic template DNAs mimicking the codon 12 mutation in the K-ras gene that differed from each other at only one nucleotide position (Tmpl. Wt G12 and Mut G12V; see Supporting Information, Table S1 ). A set of three LDR samples containing: (i) no template (i.e., blank test), (ii) Tmpl. Wt G12 (C/T mismatched template), or (iii) Mut G12V (A/T matched template), were prepared and the LDRs were conducted. After completion of the LDRs, each sample was injected into a 100 × 100-μm microchannel fabricated from poly(dimethylsiloxane) and fluorescence imaging was carried Fig. 1 Illustration of the fluorescence quenching method based on the formation of a molecular beacon through a ligase detection reaction for detecting point mutations. The two primers (the discriminating primer (DP) and the common primer (CP)) are annealed to the target strand. The two primers are covalently joined by a DNA ligase to form a continuous oligonucleotide strand (i.e., the LDR product), but only if the primers are perfectly complementary to the target. Upon formation of the LDR product, the product undergoes a conformational change to form a hairpin-like molecular beacon (MB) that quenches the fluorescence of the fluorophore (i.e., Cy5) because the hairpin stem keeps the fluorophore close to the quencher (i.e., IBRQ). This indicates a successful ligation event (as shown in the outcome on the right). If the DNA template has even a one base-pair mismatch with the discriminating primer at the 3′-end, the two primers will not be ligated and the fluorescence signature will remain intact (as shown in the outcome on the left).
out using a microscope equipped with a camera. Figure 2B displays the acquired images from three separate microchannels, each containing the above samples (i), (ii), and (iii), respectively. The fluorescent intensity for sample (iii) was clearly weaker than those for samples (i) and (ii), indicating the occurrence of the expected fluorescence quenching through successful ligation events of the two LDR primers in the presence of the perfectly matched template followed by formation of the MB. Thus, it was verified that the proposed fluorescence assay with the designed primers could signal the presence of the nucleotide at the targeted position.
LDR assays using templates extracted from genomic DNA
To realize a situation close to practical diagnosis, non-variant DNA and mutant DNA derived from cell lines of a known K-ras genotype (wild-type G12 and mutant G12V) were PCR amplified independently and then mixed, allowing a range of different percentages of the mutant content among the wild-type DNA population to be examined. We used a spectrofluorometer to measure the fluorescence intensity from each sample because the spectrophotometric instrument appeared to provide more precise and reliable fluorescence readouts than the use of the fluorescence microscope. Figure 2C shows a comparison of the fluorescence intensities of tested samples containing various dilutions of mutant DNA in wild-type DNA. When the LDR was performed for the mismatched wild-type template alone as a negative control, a signal at a similar level to that of the blank sample (no template) was observed, indicating the generation of a limited amount of false-positive misligation products (C/T mismatches) (compare the leftmost two bars). When a sample derived from the G12V mutant alone was tested, a fluorescence quenching representing the matched (A/T) ligation products was obtained (see the rightmost bar) that was significantly larger than that of the negative control (t test p-value <0.001). This fluorescence quenching signal was attributed to the generation of the matched ligation products with the mutation and decreased as the mutant DNA content was reduced within a fixed concentration of template mixture (10 nM). As shown in Fig. 2C , the positive control quenching signal could be distinguished from the signal of the negative control at a mutant content as low as 5% (t test p-value <0.01).
Comparison with previous studies
To date, we have reported several other LDR-based mutation detection assays that used FRET to signal the presence of targeted LDR products. [22] [23] [24] These previous studies also used micro/nano particles for isolation/concentration or FRET-based detection of the generated LDR products after completion of LDRs. Table 1 summarizes the results from the current study and from previous assays. Among these assays, one that used streptavidin-coated magnetic microbeads showed the lowest mutation-discrimination threshold (0.25%). 24 However, this The LDR conditions were the same as in (B), except that PCR amplicons were used as template DNA at a fixed total concentration of 10 nM instead of synthetic oligonucleotides. The error bars represent the standard error of the mean, n = 5. **Significant at p <0.01; n.s., not significant. method required many post-LDR procedures, including: (1) capture of the LDR products on the microbead surfaces followed by rinsing of the beads with buffer to enable product isolation and concentration in a microtube; (2) packing of the beads in a confined space within a capillary tube using a bar magnet; (3) loading of a MB probe into the capillary tube for acquisition of the fluorescent signal from the LDR products; and (4) fluorescence scanning of the beads for detection. Although this method featured a high mutation-discrimination capability, the sequential post-LDR treatments slowed the assay time. The mutation-discrimination threshold obtained in the present study (5%) was in between those reported in two previous studies (1% 22 and 10% 23 ) that used a quantum dot FRET donor. Although the study that used Cy5 as a FRET acceptor featured a slightly lower threshold (1%) than that of the current study, 22 the streptavidin-coated quantum dots needed to be incubated within the post-LDR solution for 30 min to allow the quantum dots to conjugate to the 3′-biotinylated LDR product labeled with Cy5 at the 5′-end through biotin-streptavidin interactions. This post-LDR treatment was much simpler than the sequential treatments involved in the above-mentioned assay using the microbeads. However, the single-step treatment is overly complex and time-consuming, compared with the current study, which required no additional sample treatment.
Conclusions
In summary, we demonstrated that the exploited method could discriminatively detect the targeted mutation in a mixture of wild-type templates at a level of 5% (t test at 99% confidence level) without any product isolation or sample treatment step after the LDR. This mutation-discrimination threshold is moderate, compared with our recent studies (0.25 -10%), which also used FRET for selective detection of the LDR products. [22] [23] [24] However, in previous studies, streptavidin-coated microbeads 24 and quantum dots, 22, 23 which served as the target concentrator and FRET donor, respectively, needed to be incubated within post-LDR solution to capture the 3′-biotinylated LDR product through biotin-streptavidin interactions. Therefore, the current method can be used to examine the presence of sporadic mutations more rapidly and conveniently than previous methods.
